We report the hydrothermal synthesis and structure of Fe x Co 1-x alloy nanoparticles with considerable stability against oxidation under ambient atmosphere. Powder X-ray diffractometry (XRD), transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), inductively coupled plasma mass spectrometry (ICP-MS), 57 Fe
INTRODUCTION
The Fe-Co binary alloy system is widely studied on account of its advantageous soft magnetic properties such as highest levels of saturation magnetization, high permeability, low magnetocrystalline anisotropy and high Curie temperature [1] , as well as of its catalytic activity [2, 3] . Several investigations of Fe x Co 1-x alloys have been initiated by the peculiar non-monotonic functional dependence of the average magnetic moment on the x composition parameter [4, 5, 6] , as well as by the ability of the system to form with different degrees of (B2-type, see, e.g. [7] ) atomic order for the same composition [5, 8, 9, 10] . Hyperfine interaction parameters (such as the hyperfine magnetic field at the iron nuclei and the 57 Fe isomer shift) measured by 57 Fe Mössbauer spectroscopy have been found to be especially well suited to reflect changes in the magnetic and electronic state of iron atoms as a function of Co concentration and of the degree of disorder in Fe x Co 1-x alloys [5, 6, 8, 9] .
On account of their high saturation magnetization and associated high magnetophoretic mobility, in the form of nanoparticles Fe-Co alloys are considered as promising candidates for the realization of advanced biological and biomedical functions such as highly specified biological in vitro cell separations [11] , therapeutic (hyperthermia treatment [12] and drug delivery [13] ) and diagnostic (magnetic contrast agents in magnetic resonance imaging [14] )
applications. Their use is also considered as advantageous in industrial magnetic heating applications, for example in the form of solder-nanoparticle composites that enable localized reflow soldering by the use of AC magnetic fields [15] .
Various preparation methods, such as mechanical alloying [16] , polyol [17, 18, 19] and solgel [20, 21] process, transmetallation [22] , coprecipitation [23] , as well as co-reduction [24] with ultrasound assistance [25] have been reported to result in Fe-Co alloy nanoparticles with various Co concentration levels. Due to their large reactive specific surface area, fine metal powders can be susceptible to spontaneous ignition under exposure to air, and consequently they require special precautions regarding their storage and manipulations [26] . Particularly, iron nanoparticles with a characteristic size in the order of  100 nm are known to be already pyrophoric [27] . Thus, from the point of view of their applicability, long-term stability against oxidation under ambient conditions is an important desirable feature of metallic and 3 alloy nanoparticles. For the case of Fe-Co alloys, sol-gel and polyol processes were recently reported to lead to air-stable nanoparticles [19, 21] .
The degree of atomic order/disorder in the body centered cubic (bcc) crystal lattice of FeCo alloys influences their magnetic and mechanical properties [1, 6, 9, 10, 28] , and are therefore also considered as an important characteristic of Fe-Co alloy nanoparticles. The degree of disorder is also reflected in the mean 57 Fe hyperfine magnetic field and 57 Fe isomer shift
Mössbauer parameters of Fe x Co 1-x alloys [6, 8, 9] , which provides a possible way to explore atomic disorder in Fe-Co alloy nanoparticles via 57 Fe Mössbauer spectroscopy. Following [29, 30] and successive related works [28, 31] , it may be possible to derive information on the degree of disorder and the Co concentration in a single step by fitting the 57 Though this approach was adopted and successfully applied for dilute alloys [29, 30] , the validity of its use for a wider composition range including non-dilute alloys may be seen as questionable. On the one hand because below  730°C the equiatomic FeCo system favors the B2 ordered structure (with Fe and Co being positioned exclusively at the cube corners and the cube centers of the bcc lattice, respectively) [1] suggesting that the formation of nearest neighbor (n.n.) Co-Fe atom pairs is energetically favorable with respect to that of n.n. Co-Co pairs [30] , which may prevent the formation of a fully disordered (A2-type [7] ) atomic structure for compositions where the appearance of Co-Co n.n. pairs should have appreciable probability. On the other, because the mentioned additive effects of neighboring atoms are expected to show a dependence on the magnetic moment of Fe atoms and thus on the Co concentration [6] .
Nevertheless, for disordered Fe x Co 1-x alloys the dependence of the mean 57 Fe hyperfine magnetic field on the Co concentration was successfully described in a rather wide (34- 70 at.% Co) concentration range by assuming the additivity of the hyperfine field perturbation effects of Co/Fe atoms situated in the first two nearest neighbor shells of Fe 4 atoms [31] . Furthermore, in equiatomic FeCo alloys the effect of disorder on the mean 57 Fe hyperfine magnetic field was also successfully modeled on the same ground [28] .
In the present work we report the successful preparation and structural as well as magnetic characterization of Fe x Co 1-x alloy nanoparticles displaying considerable stability against oxidation under ambient atmosphere, with emphasis on the assessment of their composition and atomic order/disorder characteristics.
EXPERIMENTAL

Synthesis
Fe-Co alloy nanoparticles were synthesized from iron(III) chloride hexahydrate and cobalt(II) acetate (both from Sigma-Aldrich, reagent grade quality) as precursors and aluminium powder (average size: 100 micron) and ammonium fluoride (from Sigma-Aldrich, "Puriss ≥ 98%") applied as reducing materials. Aqueous solutions were made from double distilled water purified with Milli-Q systems. water were then added to the solution immediately. The fluoride solution thus obtained was stirred continuously for 15 minutes, which step was followed by the addition of 20 mmol aluminum powder. This mixture was stirred for another 15 minutes and was heated to 80°C
with heating rate of 2°C/minutes. It was then maintained at this temperature for 60 minutes.
The steel-gray colored iron/cobalt product was collected from the bottom of the reactor magnetically by a strong permanent magnet and washed three times with deionized water and finally with ethanol. It was then dried at 40°C for 4 hours in vacuum and stored in closed glass bottles.
Following their preparation, the samples thus obtained, referred to as S1 and S2, were handled under ambient atmosphere. Portions of the samples S1 and S2 were heat treated at 650°C for 4 hours under ambient air and cooled down to ambient temperature in several hours. These heat treated samples will be denoted in the followings as DS1 and DS2, respectively. 
Characterization
Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) We identified the calibration curve ( Figure S1 ) and developed the following equation for estimating the true Fe/(Fe+Co) ratio (y) in our samples:
where q denotes the measured Fe/(Fe+Co) ratio.
Composition of the alloy nanoparticles was measured by the means of inductively coupled plasma mass spectrometry (ICP-MS) performed with a Thermo Scientific "iCAP Qc"
spectrometer. KED (kinetic energy discrimination) mode was applied with He as single collisional gas to decrease the spectral interferences caused by the formation of polyatomic (molecular) ions in the plasma. The samples S1 and S2 were first dissolved by using nitric acid and hydrochloric acid solutions, and then were further diluted with distilled water to concentration levels below 1 mg/L for Fe and Co. The dissolved sample mass was 54.6 mg and 51.2 mg in the case of S1 and S2, respectively. parameters determined on the basis of Bragg's law and Scherrer's equation [32] , respectively, the latter being used in the form of
where d is the characteristic size (diameter) of the crystallites,   0.154186 nm is the wave length of the applied Cu K  radiation, ) Γ(2 denotes the full width (FWHM) of the diffraction peak associated with the scattering angle 2, and  0 = 0.11 deg accounts for instrumental broadening.
Magnetic measurements were performed by the means of a Quantum Design SQUID magnetometer. High-field magnetization measurements were carried out up to external magnetic fields of 90 kOe on  35.8 mg of sample S2 at 300 K as well as at 5 K. FC-ZFC magnetization measurements were carried out on the same sample in the temperature range of 5…300 K by applying a driving field of  118 Oe. 57 Fe Mössbauer spectra of the S1 and S2 powders were recorded in transmission geometry by using 57 Co(Rh) radioactive sources and conventional spectrometers (Wissel and KFKI) operated in constant acceleration mode. Different Mössbauer spectrometer setups were used to measure spectra at room temperature and at  80 K. A Mössbauer cryostat (Janis) applying cooling with liquid nitrogen vapor was applied in the latter case. 57 Fe isomer shift ( ) values are given relative to that of -iron at room temperature. The spectra were analyzed by assuming the nuclear gyromagnetic factors of g e = −0.103267 and g g = +0.18088 for the excited (I e = 3/2) and ground (I g = 1/2) state of the 57 Fe nucleus. 57 Fe Mössbauer spectra and X-ray diffractograms were analyzed by using version 4.0Pre of the MossWinn program [33] that was complemented with auxiliary libraries providing the fitting functions accounting for the XRPD measurements and for the binomial distribution of Fe/Co atoms in the cubic lattice of the studied alloys [34] as described in the text.
RESULTS AND DISCUSSION
In aqueous solutions containing different metal cations (i.e. Fe 3+ and Co 2+ ) along with metallic particles (i.e. Al), the driving force for the reduction process is the difference between the standard reduction potentials (E 0 ). 
with the reduction processes being
Due to its low standard electrode potential (E 0 = −1.662 V [35] ) finely dispersed metallic aluminum exhibits significant reducing power, and can therefore be applied for wet-chemical redox synthesis of both metallic and non-metallic elements [36] . This strong reducing was present [1, 10] . The broadening of the individual peaks can be fairly described by
Scherrer's equation (2) . The cubic lattice parameter and the characteristic crystallite size obtained for S1 and S2 by fitting of the corresponding diffractograms ( Figure 1 ) are listed in Table 1 . The cubic lattice parameter of Fe x Co 1-x is known to decrease with increasing Co concentration in bulk samples [1, 4, 37] as well as in micron- [38] and  100 nm [39] sized particles. Determination of the Co concentration in our samples on the basis of the comparison of the observed lattice parameters (Table 1) with the above quoted results [1, 4, 37, 38, 39] could, however, lead to an overestimation of the Co concentration. Namely, even though the cubic lattice parameter observed for Fe-Co particles with a characteristic size in the order of  100 nm agrees fairly well with that observed for corresponding bulk samples [39] , for particles with a size below a few times of 10 nm decreasing particle size is expected 8 to lead to an increase in the magnitude of surface-stress related lattice strain effects and thereby to a reduction of the lattice parameter [40, 41] . The peculiar behavior of Fe-Co alloy nanoparticles is furthermore underlined by the recent finding of an increasing {001} crystalplane distance with increasing Co concentration in Fe x Co 1-x nanoparticles with a size in the order of  10 nm [25] . In order to avoid ambiguity related to the above effects, in this work we base the determination of the composition of the Fe-Co alloy nanoparticles on the combination of results provided by the methods of EDX, ICP-MS and 57 Fe Mössbauer spectroscopy. (Table 3) . Thus, sample S1 is a nearly equiatomic alloy, whereas S2 contains a moderate excess of iron with respect to cobalt. Taking this into account, the lattice parameters obtained for S1 and S2 ( Table 1 ) are below that of the corresponding bulk alloys [47] by ca. 0.14%, which could be due to a size-dependent lattice strain effect [41] .
With respect to the concentration ratios of Fe and Co atoms in the initial solution, an increased iron concentration is present in the resulting alloy particles. With respect to cobalt, this enrichment in iron is expected on account of the higher probability of iron ions to become reduced in the solution due to their higher standard reduction potential.
57 Fe Mössbauer spectra of samples S1 and S2 measured at room temperature (T ≈ 293 K) and at T  80 K are shown in Figure 6 . The presence of this additional iron containing phase in our samples means that the iron concentration in the Fe-Co alloy phase may be smaller than that derived on the basis of EDX (Table 2 ) and ICP-MS (Table 3) measurements. Taking this possibility into account, the numbers given for iron in Table 2 and Table 3 should be reduced by  2, resulting in roughly 1% decrease in the iron concentration of the alloy phase, bringing the corresponding compositions closer to 50:50 and 60:40 in samples S1 and S2, respectively. At the same time, similar amounts of additional Co bearing phases (whose amount is too low to be detected in our XRPD measurements) may also occur in our samples, which may partly or wholly compensate for the above effect on the Fe:Co ratio. For this reason, in the followings we consider the Fe:Co ratios given in Table 2 and Table 3 without the above correction.
The mean 57 Fe hyperfine parameters characterizing the Fe-Co alloy phase are straightforwardly derived by fitting the corresponding subspectrum to a single sextet envelope. The spectrum of disordered Fe-Co alloys are known to show a characteristic asymmetry of the six absorption peaks [31] due to the presence of numerous different iron microenvironments and a corresponding distribution in the hyperfine parameters such as the 57 Fe hyperfine magnetic field and isomer shift. As a consequence, an accurate fit of the spectra on Figure 6 requires the assumption of independent amplitudes and line widths for all the six peaks. In addition, each of the six peaks can be expected to be the sum of numerous close-centered overlapping Lorentzians associated with the individual microenvironments.
This is expected to lead to a Gaussian broadening of the individual peaks, transforming their shape from Lorentzians ( Figure S6 ) towards Voigt line profiles [49] . In accordance with this expectation, we found that fitting the peaks of the sextet with pseudo-Voigt [49] line profiles-characterized by the same Lorentzian width and different Gaussian broadenings-yields a fit (see Figures S7 and S8 ) that is considerably improved with respect to that carried out by the use of Lorentzian line profiles (see Figure S6 ), corroborating the presence of atomic disorder in our samples. The Fe-Co alloys' mean hyperfine parameters resulting from these fits are given in Table 4 . Comparing the observed mean B hf and  parameters with the Co concentration dependence of corresponding data obtained for bulk samples [5, 6, 8, 31] , we find that the mean parameters given in Table 4 are in accordance with the Fe:Co atomic ratios listed in Table 2 and Table 3 . In particular, in the studied concentration range the higher mean hyperfine magnetic fields observed for sample S2 with respect to that of S1 is in agreement with the higher Fe concentration in the alloy phase of S2.
In addition, on the basis of the mean hyperfine parameters we can also characterize our samples concerning their atomic order [5, 6, 8, 31] . On the basis of the mean isomer shift values (Table 4 ) observed at  293 K (compare with [8] ) and  80 K (compare with [6] ) both S1 and S2 can be classified as having a disordered atomic structure. The mean hyperfine magnetic field values observed in our samples at T ≈ 80 K are in fair agreement with this conclusion [6] . At the same time, the B hf,m (293 K) values appear to be lower (roughly by  0.5 T, see [8] ) than expected for a disordered structure alloy with the present compositions ( Table 2 and Table 3 ). Such hyperfine magnetic field reduction may also be the result of thermal excitation of the nanoparticles' magnetic moment [50] , which effect should be more pronounced for particles with smaller dimensions. As the data of Table 1 shows, sample S1
has the lower characteristic crystallite size, and thus we hypothesize the magnetic moment of its Fe-Co particles to be more susceptible to thermal excitations than in the case of sample S2. This hypothesis appears to be confirmed by the temperature dependence of the mean hyperfine magnetic field (Table 4) , which is more pronounced in the case of sample S1.
Namely, the decrease in the value of B hf,m as the temperature changes from 80 K to 293 K is 12 roughly twice as large in the case of S1 ( 0.95 T) than in the case of S2 ( 0.48 T). Note that in contrast with our finding regarding the present nanoparticle samples, in bulk samples the temperature dependence of the mean 57 Fe hyperfine magnetic field was found to become weaker with increasing Co concentration [51] . This can be seen as a further indication for the role of the small particle size and the associated collective magnetic excitations in determining the value of B hf,m at room temperature in the present samples.
A standard way of detailed analysis of 57 Fe Mössbauer spectra of Fe-Co alloys is the derivation of the corresponding hyperfine magnetic field distributions with the implicit assumption that the isomer shift depends linearly on the hyperfine magnetic field [6, 28, 31, 51] . In order to facilitate comparison with associated works, we have carried out a similar analysis of our spectra, the corresponding results being included in the Supplement (see Table S1 and Figures S9 and S10 ). In the followings, however, we proceed along a more direct and constrained way of analysis, by considering the effect of the number of Co/Fe atoms in the first two shells around a particular central Fe atom on the associated hyperfine parameters, similarly to methods described in [28, 29, 30] . In the bcc structure the first two atomic shells of an Fe atom is composed of 8 nearest neighbor (n.n.) and 6 next nearest neighbor (n.n.n.) atoms. We assume that the effects of n.n. and n.n.n. Fe atoms on the hyperfine magnetic field, isomer shift and quadrupole shift characterizing the central Fe atom are additive, and do not depend on their relative location. The actual model that we have applied enabled the consideration of different effect magnitudes for n.n. and n.n.n. atoms, as well as of different preferences/probabilities of atoms for taking the  (bcc cube corner) and  (bcc cube center) sites of the cubic structure as put forward in [28] . In this approach the hyperfine parameters of a sextet spectrum component associated with an iron atom with N nn = 0…8 n.n. Fe atoms and N nnn = 0…6 n.n.n. 
where B hf,0 ≡ B hf (0,0) is the hypothetical hyperfine magnetic field expected for an iron atom around which the first two atomic shells contain Co atoms only, whereas B hf,nn and B hf,nnn are the increase in the hyperfine magnetic field as a result of an additional Fe atom in the first and in the second atomic shell, respectively, with analogous meanings of corresponding 13 parameters regarding  and 2. The w(c Fe ,p  ,p  ,N nn ,N nnn ) probability of occurrence (and thus the relative spectral weight) of the altogether 63 sextet components were calculated as given in [28] , where c Fe denotes the concentration of iron in the alloy, whereas p  and p  denote respectively the proportion of  and  sites of the cubic structure that are occupied by Fe atoms. (For a fully disordered system c Fe = p  = p  , whereas for perfect B2-type order we have c Fe = 0.5, p  = 1 and p  = 0.) Due to the relatively small effect a single n.n. or n.n.n. Fe atom has on the hyperfine parameters of the central iron atom, the individual peaks of the 57 Fe Mössbauer spectra of FeCo alloys are-apart from their broadening-rather feature-poor (see for example Figure 6 or [6, 28] ). As a consequence, the application of the above model in its most general form can turn out to be unfeasible unless additional constraints are applied to reduce correlations among the fit model parameters. As a main constraint, we have assumed that at room temperature all fit parameters appearing in Eq. (5) are the same for samples S1 and S2, and fitted the corresponding two spectra accordingly, with a simultaneously adjusted parameter set. Though this constraint disregards the predicted dependence of the additive perturbation parameters (B hf,nn , B hf,nnn , etc.) on the cobalt concentration of the alloy [6] , for the concentration range spanned by our samples ( Table 2,Table 3 ) we expect this dependence to be mild. Namely, the concentration dependence of perturbation parameters is expected to follow from that of the iron magnetic moment, which latter changes only moderately around Co concentrations of 40-50% in disordered alloys [6] . On the other hand, a model based on constant perturbation parameters was already found to describe the experimental data satisfactorily in the Co concentration range of 34…70 at.% [31] .
With this constraint set, we aimed at finding a corresponding solution where c Fe , treated as a fit parameter, converged to the predicted values ( Table 2,Table 3 ) for both S1 and S2.
Remarkably, such solution was found only when the applied model was considerably simplified with the following constraints: ) ( meaning that the effects of n.n. and n.n.n. iron atoms are treated as identical (being-for the sake of brevity-in the followings denoted with B hf ,  and 2) , and the alloy is assumed to be fully disordered. In addition, strong correlation found between  0 and  prevented the independent determination of these parameters, so we fixed  to +0.0025 mm/s, in accordance with a corresponding value reported earlier [31] .
The parameters we have obtained in the above way from the fit of the room temperature 57 Fe Mössbauer spectra of samples S1 and S2 (Figure 6 ) are listed in Table 5 . There is an excellent agreement between the obtained c Fe iron concentration values and the Fe:Co ratio determined with EDX (Table 2 ) and ICP-MS measurements ( Table 3 ). The obtained isomer shift and quadrupole shift values are both in a reasonable range for the number of n.n. and n.n.n. iron neighbors that have appreciable probability to occur for the given concentration levels (i. The successful description of our Mössbauer spectrum data on the basis of the assumption of equal perturbations of the 57 Fe hyperfine magnetic field due to n.n. and n.n.n. iron atoms harmonizes with the conclusion put forward concerning Fe 0.99 Co 0.01 [52] where Co atoms were found to cause close to equal perturbation of the hyperfine magnetic field at n.n. and 15 n.n.n. Fe sites by nuclear-magnetic-resonance techniques. Though the magnitude and direction of change in B hf due to a single Co (n.n. or n.n.n.) neighbor reported in [52] is different from that observed by us, this is expected on account of the dependence of the corresponding perturbation effects on the Co concentration [6] .
The 57 Fe Mössbauer spectra measured at T ≈ 80 K were fitted with a model similar to that applied for the fit of the spectra measured at room temperature, but with the c Fe iron concentration being fixed to the values obtained from the fit of the room-temperature spectra.
The parameters obtained in this way are listed in Table 5 whereas the spectrum fits are displayed in Figure 6 . The fit required the assumption of different B hf,0 values for S1 and S2, B hf,0 for S2 being somewhat reduced with respect to that of S1, which may be connected to the tendency of the mean iron magnetic moment to increase with increasing Co concentration [6] . With respect to sample S1, the larger mean 57 Fe hyperfine magnetic field found for sample S2 at 80 K (Table 4) will then follow from the larger probability of occurrence of iron in the first two coordination spheres of iron atoms.
The difference between the line widths obtained at T ≈ 80 K is the same as that at room temperature within the error of the fit (Table 5) , whereas the larger overall line widths at T ≈ 80 K can be due to a larger experimental line broadening resulting from the different Mössbauer setup applied for the low-temperature measurements.
It is remarkable that B hf observed at 80 K and  293 K match within error, suggesting that the perturbative effect of neighboring atoms on the magnetic state of the central Fe atom does not depend appreciably on temperature, meaning that the underlying perturbation of the electronic system is not susceptible to be altered by thermal excitations in the studied temperature range. This finding supports the reasoning put forward in [53] concerning the-absence of-temperature dependence of the proportionality constants scaling the perturbation of the 57 Fe hyperfine magnetic field caused by the alteration of the core polarization and that of the conduction electron polarization at iron atoms due to the presence of Co in disordered Fe-Co alloys.
Our results on the present samples thus suggests that the perturbation of the electronic state of iron by the alloying element Co in disordered Fe-Co alloy nanoparticles occurs similarly to that observed in corresponding bulk alloys [28, 31, 53] . At the same time, correct evaluation of the 57 Fe hyperfine magnetic field displayed by Fe-Co alloy nanoparticles requires the consideration of their nanosized nature and associated collective magnetic excitation effects.
In order to assess the degree of air-stability of the present nanoparticles, an additional Mössbauer-spectroscopy measurement was performed on particles of sample S1 that were directly exposed to ambient air for  4.5 months. The obtained Mössbauer spectrum ( Figure S11 ) reflects the presence of an oxidation product in the form of an associated quadrupole doublet component (  0.21(1) mm/s,   0.32(2) mm/s) with a relative area fraction of  13%, which may arise from Fe 3+ ions situated mainly at the tetrahedral site in a (Fe,Co) 3 O 4 spinel oxide phase [54, 55] . Nevertheless, despite the long-time exposure to air,  87% of all iron atoms can still be found in the alloy phase, which confirms the considerable stability of the sample under ambient atmospheric conditions.
CONCLUSIONS
The applied hydrothermal process leads to bcc Table 2 . Fe:Co atomic ratios in samples DS1 and DS2 determined from EDX measurements. The as measured values are the average of 3 successive measurements. These values were corrected on the basis of the calibration curve shown in Figure S1 . The statistical uncertainty of the corrected numbers given for DS1 and DS2 is  0.5 and  2, respectively. Table 3 . Fe:Co atomic ratios in the samples S1 and S2 determined from ICP-MS measurements. The statistical uncertainty of the numbers given for S1 and S2 is  1 and  1.6, respectively. Table 5 . 57 Fe hyperfine parameters of the studied Fe x Co 1-x alloy nanoparticle samples S1 and S2 measured at T ≈ 80 K and 293 K, as derived from Mössbauer spectrum fits shown in Figure 6 . Parameter values denoted with (F) were fixed during the fit. Parameter values common for S1 and S2 were constrained to be equal during the fit. c Fe denotes the concentration of iron in the alloys, RSA stands for the relative spectral area of the magnetic component for which the parameters are given, whereas  denotes the common FWHM line width of the Lorentzians the alloy spectrum component model is built up from. Numbers in parentheses denote the statistical uncertainty (standard deviation) in the last digit(s). Table 5 for the resulting fit parameters.
